Abstract-Building-Integrated Photovoltaics (BIPV) replace traditional building elements with power generating elements through the use of solar cells. One of the targets for this technology is to place the module-level power converter into the photovoltaic module's frame to achieve an integrated system. Temperature is the most influential parameter for a converter's reliability, its damage caused on the components needs to be studied in detail. In this paper, a reliability comparison based on a four-day mission profile has been made in order to assess the most reliable frame position for this converter to be placed in as all of them possess a different temperature profile. The results show that placing the converter in the lateral bottom of the frame is significantly more reliable than the mid or top position. In addition, a lifetime analysis is performed on the converter's dc-link capacitor in order to demonstrate the required methodology. In future work, this can be extended towards other sensitive components when appropriate lifetime models become available. These lifetime estimations can then be combined to achieve an overall BIPV system lifetime assessment.
INTRODUCTION
In the light of climate change and the European legislation for buildings, achieving energy-neutral buildings is one of the top priorities in the construction sector. Building-Integrated Photovoltaics (BIPV) present another option in order to reach this goal by replacing traditional building elements with power generating ones through the use of solar cells. The development of these BIPV modules focuses on various ways to make this technology more aesthetically and economically appealing. In this way, architects are able to facilitate their entry into new building projects. Another aim is to increase the flexibility of the modules by shaping and offering BIPV elements in different dimensions. However, this presents a diverse range of power profiles and thus a different power converter for each type is required. Integrating this module-level converter into the BIPV module's frame will therefore further increase its desirability on the market as a complete 'plug and play' product. Due to the frame's geometry, those different enclosures have a different temperature. A PV surface can heat up to 70 °C or more which causes the temperature of adjacent enclosures to rise. Temperature is a significant operating parameter for electronic components as it affects not only their losses but also their reliability.
This paper presents a reliability study for the placement of a power converter inside a BIPV module's frame. Three different positions are considered; namely top, middle and lateral bottom, as shown in Fig. 2 . The bottommost part of the frame is not being investigated due to the unknown rising heat from an underlying BIPV element in a building environment. The analysis is performed by calculating and comparing the damage on the converter's switch, namely the metal-oxide-semiconductor field-effect transistor (MOSFET), and the dc-link capacitor. The paper is constituted as follows: In section II, a four-day mission profile of simulated thermal frame data and measured electrical data is translated into the converter's housing box temperature by using an electro-thermal converter model. In section III, the temperature profiles of the switch and the capacitor are derived from their losses and the converter's housing box temperature. Next, the damage on the components during this four-day temperature profile is calculated and compared for the three frame positions. The methodology for sections II and III is summarized in the flowchart diagram displayed in Fig. 1 . In section IV, a lifetime estimation of the dc-link capacitor is performed using a one-year temperature profile of the backside of the PV module. 
II. INPUT PROFILES

A. Photovoltaic module output profile
The PV module's electrical profile is measured in the BIPV test facility in Leuven, Belgium, and described in [1] .It consists of a full-size floor-to-floor curtain wall element with a commercial-size 60-cells monocrystalline PV module built-in at the top part of the frame shown in Fig. 2 . The bottom part comprises a triple-glazing Argon-filled window. Four subsequent hot and clear days are observed ranging from 26th to 29th August 2017 in order to observe a combination of both high power and ambient temperature in the BIPV module.
B. Photovoltaic module frame temperature profile
In order to evaluate the suitability of integrating the converter inside the BIPV frame, a Finite Element Method (FEM) model implemented in COMSOL has been used to study the temperature distribution over the entire BIPV element. As shown in Fig. 2 , the top, mid and lateral bottom position of the BIPV frame are being investigated. The BIPV structure was modelled following the technical specifications of the prototype installed in the BIPV test facility in Leuven. On-site measured weather data was used as input to the simulations.
Solid layers were used to represent the air inside the cavity behind the PV module and inside the hollow aluminum frame. Equivalent conductivity coefficients were used for the air layers to account for the convection in vertical enclosures. The inside and outside environments were considered as a temperature node. The solar irradiance was applied to the PV and glass layers as a heat source. For the PV layer, the amount of energy converted into electricity was subtracted from the total solar irradiation assuming an average efficiency of 12%. External heat transfer coefficients (HTC) were based on [2] . The heat transfer to the building interior was modelled assuming an internal temperature of 25°C and a HTC of 3 W/m 2 K. Long-wave radiation losses to the ground and to the sky were taken into account separately. Finally, the surfaces around the frame were taken as adiabatic to represent the insulation around the frame perimeter. Due to high computational demand, a time step of 300 s was implemented for the simulations. Fast dynamic changes due to variations in wind speed and direction cannot be captured using such time step. However, despite the differences caused by the time step, the results presented in [2] indicate that the model is capable of predicting the maximum BIPV module temperature as well as the vertical temperature gradient.
C. DC-DC converter housing box temperature profile
The acquired electrical and thermal profiles from the previous subsections are translated into the converter's housing box temperature profiles, shown in Fig. 3 , using an electrothermal model of a boost DC/DC converter. The model of the housing box with the converter has been implemented in Modelica and a typical topology from [3] , which has been evaluated in [4] , is assumed. The model estimates the losses per component as described in [5] using the electrical BIPV profile. Knowing the converter's surrounding temperature from the simulation in COMSOL and the losses generated in the converter's components, the temperature inside the converter housing box is derived with the use of a Cauer electro-thermal circuit model. An equivalent heat transfer coefficient has been used to represent radiative and convective heat exchange between the converter and its enclosure. In order to quantify the difference in converter reliability between the frame positions, a damage calculation on the weakest components is required. Traditionally, the electrolytic DC-link capacitor is considered to be the weakest component in the power converter due to its rapidly evaporating electrolyte. However, this type of capacitor can nowadays be replaced by several active or passive decoupling film capacitors [6] at the cost of a small increase in ripple current and voltage. The reliability focus has therefore shifted towards semiconductor switching devices such as the power MOSFET whose main failure mechanism is known to be bond wire lift-off and solder degradation [7] . This effect is caused by the mismatch in thermal expansion coefficients of aluminum (wires) or metal alloys (solders) and silicon (chips) [8] . In the following subsections, the damage on both the power MOSFET and the dc-link film capacitor is calculated and compared for the three frame positions.
A. Power MOSFET damage model
The aforementioned converter housing box temperature profile is translated to the junction temperature of the power MOSFET using its thermal resistance from junction to ambient Rth, being 40 K/W, combined with the calculated losses. The thermal cycles in the junction temperature profile with their respective mean junction temperature Tjm, temperature range ΔTj and cycle period ton are counted using rainflow counting. This counting technique was invented by Endo in 1967 [9] and is considered to be the most widely used method for cycle counting. For a more detailed explanation of this technique and its applications please refer to [10] . The thermal cycles that occur on the power MOSFET's junction in the lateral bottom frame position are plotted in the resulting 3D histogram shown in Fig. 4 . The x-axis and the y-axis of 'Tj and Tjm, respectively, consist of 1 °C wide bins while the z-axis visualizes the amount of times every combination of these two variables occurs in the temperature profile. The third important parameter for the damage calculation, namely the cycle period, ton is not visualized but is taken into account for further calculations. Due to the lack of power MOSFET lifetime models that incorporate the impact of the thermal cycles on the bond wires and solder joints, an insulated-gate bipolar transistor (IGBT) model from [11] , shown in (1), is used. Although the structures of these components are different, the thermal mismatch that causes device failure occurs between the same materials. This translates into a common failure mechanism for both devices which makes the model acceptable for comparing the different frame temperature profiles while using the same device. The model calculates the amount of cycles Nf for every separate thermal cycle with a specific Tjm, ΔTj and ton required for device failure through bond wire lift-off. The remaining parameters with their experimental validation conditions are summed up in Table I . Additional extrapolation is required due to several thermal cycles not being present within the validation boundaries. Some notable parameters include the bond wire aspect ratio ar and the activation energy Ea that has been given an appropriate value for the previously mentioned failure mechanism.
(1) 
B. Film capacitor damage model
Even though film capacitors are considered to be very reliable, especially compared with the aluminum electrolytic capacitors, they're still susceptible to temperature and voltage stress. The damage caused by these factors can be calculated using the lifetime model from [12] , shown in (2).
(2) This lifetime model is based around the two main degradation mechanisms in capacitors namely deterioration of the dielectric materials and an increasing leakage current. The model can be applied to both film and electrolytic capacitors by adjusting the voltage stress exponent n. The calculation is based on the Arrhenius acceleration factor which uses the rated lifetime L0 under the rated temperature T0 and rated voltage V0 as an input. These values are provided by the manufacturer and are respectively 200 000 hours at 85 °C and 100 V. The latter, however, will not be taken into account as this paper is a comparison of different temperature profiles and it is also assumed that there is no voltage derating in the dc-link WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HQHZDEOH (QHUJ\ 5HVHDUFK DQG $SSOLFDWLRQV 3DULV )5$1&( 2FW ,&5(5$ capacitor. Hence, the lifetime can be calculated by discretizing the temperature profiles from Fig. 3 and calculating the actual lifetime for every separate temperature point.
C. Damage comparison
The final step for the comparison of the converter placement in the BIPV frame involves the accumulation of the damage caused by the various temperature profiles on its components. For the power MOSFET, the Palmgren-Miner linear damage hypothesis from [13] , shown in (3), is used to calculate the total lifetime consumption LCswitch. This rule incorporates the damage caused by every half or full thermal cycle n with a specific Nf calculated from (1). (3) For the film capacitor, the accumulated lifetime consumption LCcap for every discretized point is calculated using (4) with 't being the sample time of 300 s and L the actual lifetime calculated from (2) for every sample point. (4) The results of the accumulated damage from the various frame temperature profiles can be found in Table II . An LC of 100% corresponds with a device failure caused by the failure mechanism of the respective lifetime model. The lateral bottom position of the BIPV frame from Fig. 2 looks to be the most reliable position for the placement of a module-level power converter. The difference in damage on the components between the three positions can mainly be explained through the increased temperatures close to the BIPV module and the rising heat at the top. The lateral bottom position also has increased heat transfer towards the Argon window and the climatized work offices. IV. DC-LINK CAPACITOR LIFETIME ESTIMATION A lifetime analysis on the dc-link film capacitor is performed in order to demonstrate the required methodology. In the future, this will be extended towards the other sensitive components of the converter when the appropriate lifetime models become available. These lifetime estimations can eventually be combined to achieve an overall BIPV system lifetime assessment. As in the previous section, a temperature profile is discretized and the actual lifetime per sample point is calculated and accumulated using (4). However, this is an ideal lifetime estimation which does not include variations from the manufacturing process or variations in the temperature due to local weather fluctuations. Therefore, a Monte-Carlo based reliability assessment, as used in [14] , is performed in order to introduce uncertainty from these variations into the calculated lifetime. Lastly, the end of useful life is defined as B10 or the amount of hours for 10% of the capacitors to fail.
A. Ideal lifetime estimation
The one-year temperature profile shown in Fig. 5 is measured through a thermocouple on the backside of the BIPV element from [1] and is used as the input for this lifetime calculation. The measurements were taken from the period of June 2017 until June 2018 with a sample time of 1 second which was afterwards downscaled to 1 minute for computational reasons. This profile is comparable to the temperatures in the middle frame position from Fig. 3 and is considered a good approximation of the converter's housing box temperature. In practice, the converter will be installed in the lateral bottom part of the frame, as concluded in the previous section, leading to a slightly underestimated lifetime for the capacitor. The model from (2) is again used to quantify the effect of the temperature on the lifetime of the capacitor for every sample point. These values are then accumulated using (4) resulting in a one-year lifetime consumption of which translates into an ideal lifetime of 1202 years for the film capacitor. This large value can be explained due to an already high rated lifetime L0 of 200000 hours at a constant rated temperature of 85 °C.
B. Monte carlo reliability assessment
The previous subsection provides a lifetime estimation for the ideal case without including variations in both the capacitor's manufacturing process and thus its properties or the variations in the thermal stress caused by locally shifting weather conditions. In order to acquire a general idea about the actual useful lifetime for this worst case scenario, an uncertainty of 5% on the temperature profile must be taken into account. This uncertainty value is a rough estimation and can still be adjusted afterwards if it deems to be unrealistic. Because the input temperature is dynamic, it ought to be changed into an equivalent static variable in order to apply this uncertainty. The equivalent static temperature Tm' must inflict the same amount of lifetime consumption on the film capacitor during the oneyear measurement period as the dynamic variable. By solving the lifetime model from (2) towards the operating temperature T, using an actual lifetime L of 1202 years and the aforementioned rated lifetime L0 and rated temperature T0, this results in a Tm' of 27.81 °C. Lastly a normal distribution of 10000 samples is generated with an average value μ equal to Tm' and a standard deviation σ equal to the uncertainty of 5%. Every variation in the mean static temperature is translated into the respective film capacitor lifetime or time to failure according to (2) and plotted in Fig. 6 . The probability density function PDF for this distribution, which is drawn in red, can be translated into the cumulative density function CDF by integration. The latter can be used to determine B10 or the time to failure for 10% of the devices to fail. For this distribution, this results in an end of life of 1063 year according to the lifetime model of [12] . Therefore, it seems unlikely that the film capacitor will be the first component to fail in the converter.
[15]- [24] V. CONCLUSION In this paper, the integration of a micro-converter into the BIPV frame has been considered. Different positions for the converter placement have been studied in terms of their impact on the converter's reliability. Experimental measurements alongside simulations using Modelica-and COMSOLdeveloped models have been used to produce the input for the damage estimation onto the converter's power MOSFET and dclink film capacitor. The damage comparison from section III shows that the lateral bottom position in the proposed frame design is significantly more reliable than the middle or top position. From the lifetime estimation of section IV it seems unlikely that the film capacitor will be the first component to fail due to its high predicted lifetime. In the future, this methodology will be extended towards the other sensitive components of the converter when the appropriate lifetime models become available. These lifetime estimations can eventually be combined to achieve an overall BIPV system lifetime assessment.
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